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Dilepton	  Physics	  

•  High	  Mass	  Range	  (HMR)	  
	  Mee	  >	  3	  GeV/c2	  

–  primordial	  emission,	  Drell-‐Yan	  
–  J/ψ	  and	  ϒ	  suppression	  	  

•  Intermediate	  Mass	  Range	  (IMR)	  
1.1	  <	  Mee<	  3	  GeV/c2	  

–  QGP	  thermal	  radia6on	  
–  heavy-‐flavor	  modifica6on	  	  

•  Low	  Mass	  Range	  (LMR)	  
	  Mee<	  1.1	  GeV/c2	  

–  in-‐medium	  modifica6on	  of	  vector	  mesons	  
–  system	  life6me	  measurement	  

Dileptons	  are	  excellent	  penetra6ng	  probes	  
–  very	  low	  cross-‐sec6on	  with	  QCD	  medium	  
–  created	  throughout	  evolu6on	  of	  system	  
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Figure 1.2: Expected sources for dilepton production as a function of invariant mass in ultrarela-
tivistic heavy-ion collisions[16].

transition is associated with deconfinement (the so-called ’Wilson line’), again realized in a strong
first-order transition. Thus, for heavy quarks one might hope to become sensitive to features of
deconfinement. This seems indeed to be the case: the confining potential within heavy quarkonium
states (J/Ψ, Υ) will be Debye-screened due to freely moving color charges in a QGP leading to a
dissolution of the bound states [17]. As a consequence the final abundance of, e.g., J/Ψ mesons
– and thus their contribution to the dilepton spectrum – is suppressed, signaling (the onset of)
the deconfinement transition. This very important topic will not be covered in the present review,
see Refs. [18] for the recent exciting developments. Finally, the intermediate-mass region (IMR)
might allow insights into aspects of quark-hadron ’duality’. As is evident from the saturation of
the vacuum annihilation cross section e+e− → hadrons by perturbative QCD above ∼ 1.5 GeV,
the essentially structureless thermal ’continuum’ up to the J/Ψ can be equally well described by
either hadronic or quark-gluon degrees of freedom. However, as a QGP can only be formed at
higher temperatures than a hadronic gas, the intermediate mass region might be suitable to ob-
serve a thermal signal from plasma radiation [9, 19] in terms of absolute yield. The most severe
’background’ in this regime is arising from decays of ’open-charm’ mesons, i.e., pairwise produced
DD̄ mesons followed by individual semileptonic decays. Although an enhanced charm production
is interesting in itself – probably related to the very early collision stages – it may easily mask a
thermal plasma signal. To a somewhat lesser extent, this also holds true for the lower-mass tail of
Drell-Yan production.

Until today, the measurement of dilepton spectra in URHIC’s has mainly been carried out at
the CERN-SpS by three collaborations: CERES/NA45 is dedicated to dielectron measurements in
the low-mass region [20, 21, 22, 23], HELIOS-3 [24] has measured dimuon spectra from threshold
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The	  STAR	  Experiment	  

STAR	  detectors	  in	  these	  
analyses	  

–  Time	  Projec6on	  Chamber	  
–  Time-‐of-‐Flight	  detector	  
–  Barrel	  EM	  Calorimeter	  
–  Vertex	  Posi6on	  Detector	  

•  Large	  and	  uniform	  acceptance	  at	  mid-‐
rapidity	  

	  |η|<	  1	  	  and	  0<	  φ<	  2π	  
•  Excellent	  par6cle	  iden6fica6on	  
•  Fast	  data	  acquisi6on	  
Ø  Recent	  upgrades	  targeted	  at	  heavy-‐

flavor	  measurements	  
–  improve	  tracking	  (Heavy	  Flavor	  Tracker)	  
–  improve	  muon	  PID	  (Muon	  Telescope	  Det.)	  
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LMR/IMR:	  What	  did	  we	  learn	  from	  SPS?	  

Precise	  dimuon	  mass	  spectrum	  	  
•  favors	  ρ	  broadening	  through	  

interac6ons	  with	  hadronic	  medium	  

Inverse	  slope	  parameter	  from	  mT	  distribu6ons	  
•  IMR:	  no	  indica6on	  of	  mass	  dependence	  
•  indica6ve	  of	  thermal	  radia6on	  from	  partonic	  

medium,	  T=205	  ±	  12	  MeV	  
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What	  to	  expect	  at	  RHIC?	  
Opportuni6es:	  
•  expect	  significant	  increase	  of	  

partonic	  source	  contribu6on	  
•  Beam	  Energy	  Scan	  provides	  unique	  

opportuni6es	  to	  
–  systema6cally	  study	  in-‐medium	  ρ	  

broadening	  
–  on-‐set	  of	  QGP	  thermal	  radia6on	  

	  

Challenges:	  
•  increased	  par6cle	  mul6plici6es	  at	  

higher	  √sNN	  	  lead	  to	  significant	  increase	  
in	  combinatorial	  backgrounds	  

•  STAR	  at	  200	  GeV	  for	  Mee~	  0.5GeV/c2	  
–  p+p:	  	  	  S/B	  ~1/10	  
–  Au+Au:	  S/B	  	  ~1/250	  
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Produc6on	  in	  Au+Au	  at	  200	  GeV	  

Low	  Mass	  Range:	  
Ø  enhancement	  
when	  compared	  to	  cocktail	  (w/o	  ρ)	  

Model	  calcula6ons	  with	  in-‐medium	  
broadened	  ρ	  spectrum	  func6on	  
describe	  LMR	  excess	  

difficult	  to	  disentangle	  
Run-‐14/16	  with	  new	  upgrades	  will	  address	  this	  	  

7	  

Intermediate	  Mass	  Range:	  	  
within	  errors	  consistent	  with	  cocktail	  

Ø  dominated	  by	  correlated	  
charm	  contribu6ons	  

Ø  thermal	  QGP	  radia6on	  
Ø  modifica6on	  of	  charm?	  
	  

STAR	  Au+Au	  @	  √sNN=200GeV	  
PRL 113 (2014) 022301 
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Centrality	  and	  pT	  Dependence	  

Combined	  sta6s6cs	  of	  Run	  10	  and	  11	  
submiyed	  to	  PRC	  (PRL:	  run-‐10	  only)	  

•  Data/cocktail:	  no	  strong	  dependence	  
on	  centrality	  or	  pT	  

•  Model	  calcula6ons	  con6nue	  to	  give	  a	  
reasonable	  descrip6on	  
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Low-‐Mass	  Excess:	  Rapp	  &	  PHSD	  
Both	  models	  describe	  NA60	  &	  STAR	  
Ø  agreement	  w/in	  uncertain6es	  
Ø  vacuum	  ρ	  disfavored	  

Ø  low-‐mass	  dielectron	  yield	  
increase	  ~(Npart)	  α	  with	  
α=1.44±0.10	  

	  
Ralf	  Rapp	  (priv.	  comm.)	  

R.	  Rapp,	  Phys.Rev.	  C	  63	  (2001)	  054907	  
R.	  Rapp	  &	  J.	  Wambach,	  EPJ	  A	  6	  (1999)	  415	  

Complete	  evolu6on	  (QGP+HG)	  
PHSD	  (Linnyk,	  priv.comm.)	  

	  O.	  Linnyk	  et	  al.,	  Phys.	  Rev.	  C	  85	  024910	  (2012)	  
Collisional	  broadening	  &	  radia6on	  
from	  QGP	  
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A:  ρ-like  0.30 - 0.76 GeV/c2 

B:  ω-like 0.76 - 0.80 GeV/c2 

C:  φ-like 0.98 - 1.05 GeV/c2 

(PRL 113 022301) 
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Dielectron	  Produc6on	  at	  lower	  √sNN	  	  
Observed	  low-‐mass	  enhancement	  at	  top	  RHIC	  energy	  

–  in-‐medium	  modifica6on	  effects?	  
–  indica6on	  of	  chiral	  symmetry	  restora6on?	  

Explore	  low-‐mass	  range	  down	  to	  SPS	  energies	  
–  change	  ini6al	  condi6ons,	  net-‐baryon	  density	  	  
–  ~constant	  total-‐baryon	  density	  
–  possible	  enhancement,	  consistent	  model	  descrip6on?	  

10	  

Beam	  Energy	  Scan	  Dielectrons:	  
2010	  –	  2011	  Au+Au	  at	  

	  62.4,	  39,	  
	  27,	  and	  19.6	  GeV	  

arXiv:1409.5675	  
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Compare	  to	  Theory:	  In-‐Medium	  ρ	  

Ø Sustained	  low-‐mass	  excess	  radia6on	  
Ø 	  top	  RHIC	  down	  to	  SPS	  energies	  

Ø Robust	  theore6cal	  descrip6on	  
– black	  doyed	  curve:	  cocktail	  +	  in-‐medium	  ρ	  (Rapp)	  

Ø Consistent	  with	  in-‐medium	  ρ	  broadening	  
– expected	  to	  depend	  on	  total	  baryon	  density	  

	  
Hohler	  &	  Rapp:	  “Is	  ρ-‐meson	  mel6ng	  compa6ble	  
with	  chiral	  restora6on?	  ”	  PLB	  731	  (2014)	  103	  
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Excess	  Yields	  and	  Medium	  Life6mes	  

•  Acceptance	  corrected	  STAR	  excess	  
spectra	  for	  200GeV	  and	  19.6GeV	  
–  normalized	  to	  (dNch/dy)y=0	  
–  compared	  to	  NA60	  dimuon	  excess	  

(17.3GeV)	  
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STAR	  arXiv:1501.05341	  
subm.	  to	  PLB	  
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•  Integrated	  LMR	  excess	  yields	  
–  17.3GeV	  (NA60)	  and	  19.6GeV	  consistent	  
–  200GeV	  yields	  larger	  than	  in	  19.6GeV	  
–  centrality	  dependence	  in	  200GeV	  

•  Life6me	  of	  the	  emi�ng	  medium	  in	  200GeV	  
longer	  
–  in	  central	  compared	  to	  peripheral	  
–  when	  compared	  to	  17.3GeV	  

17.3	  GeV	   6.8	  ±	  1.0	  fm/c	  

19.6	  GeV	   7.7	  ±	  1.5	  fm/c	  

200GeV	   10.5	  ±	  2.1	  fm/c	  F.	  Geurts	  (Rice	  University)	  



Quarkonia	  in	  Strongly	  Interac6ng	  QGP	  
•  Sensi6ve	  to	  color	  Debye	  screening	  of	  quark	  poten6al	  

–  expect	  to	  dissociate	  in	  sQGP	  
•  Suppression	  of	  different	  states	  determined	  by	  Tmedium	  

and	  Ebind	  
–  sequen6al	  mel6ng	  of	  different	  states	  

Ø  QGP	  thermometer	  

A	  more	  complicated	  picture	  …	  
•  Significant	  feed-‐down	  contribu6ons	  

–  non-‐prompt	  J/ψ	  ::	  up	  to	  25%	  (at	  12GeV/c)	  from	  B-‐mesons	  
–  prompt	  J/ψ	  ::	  	  40%	  from	  ψ’	  and	  χc	  

•  Cold	  Nuclear	  Mayer	  effects	  
–  ini6al-‐state	  energy	  loss	  
–  co-‐mover	  absorp6on	  
–  nuclear	  shadowing	  (modified	  PDFs)	  

•  Hot	  Nuclear	  Mayer	  effects	  
–  regenera6on	  from	  coalescence	  of	  charm	  and	  boyom	  

pairs	  
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STAR	  Quarkonia	  Measurements	  
•  J/ψ	  measurements	  

–  high	  pT	  ::	  much	  less	  affected	  by	  CNM	  and	  regenera6on	  
–  different	  colliding	  systems	  

•  d+Au	  ::	  cold	  nuclear	  mayer	  effects	  
•  Au+Au	  and	  U+U	  ::	  hot	  nuclear	  mayer	  effects,	  different	  energy	  densi6es	  

–  beam	  energy	  scan	  
•  change	  rela6ve	  produc6on	  contribu6ons	  

•  Υ	  measurements	  
–  negligible	  recombina6on	  effect	  

•  RHIC:	  σcc(~800μb)	  >>	  σbb(~1-‐2μb)	  
–  less	  co-‐mover	  absorp6on	  predicted	  

•  Υ(1S)	  6ghtly	  bound,	  thus	  large	  kinema6c	  threshold	  
•  expect	  σΥabs	  ~0.2mb	  	  <	  	  σJ/ψabs	  

–  Lin	  &	  Ko,	  PLB	  503	  (2001)	  104	  
–  low	  produc6on	  rate	  
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J/ψ	  Flow	  in	  Au+Au	  at	  200	  GeV	  
•  ellip6c	  flow	  v2	  is	  consistent	  with	  0	  

for	  pT	  >	  2GeV/c	  
–  disfavors	  model	  with	  J/ψ	  

produc6on	  via	  thermalized	  charm	  
coalescence	  

•  J/ψ	  spectra	  so�er	  than	  TBW	  
predic6ons	  from	  lighter	  hadrons	  
–  small	  radial	  flow?	  
–  regenera6on	  at	  low	  pT?	  

GHP	  2015	  -‐	  Bal6more	  MD	   F.	  Geurts	  (Rice	  University)	   15	  
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J/ψ	  Spectra	  in	  Au+Au	  at	  200	  GeV	  
• J/ψ	  spectra	  so�er	  than	  TBW	  
predic6ons	  from	  lighter	  hadrons	  
–  small	  radial	  flow?	  
–  regenera6on	  at	  low	  pT?	  

• viscous	  hydrodynamics	  
–  fails	  at	  low	  pT	  
– decouples	  at	  120	  –	  160	  MeV	  

• comparison	  with	  Liu	  et	  al.	  
•  J/ψ	  suppression	  from	  color	  screening	  
•  sta6s6cal	  regenera6on	  

–  ini6al	  produc6on	  dominates	  in	  
peripheral	  collisions	  

–  in	  central	  collisions:	  regenera6on	  more	  
significant	  at	  low	  pT	  

Ø Need	  coalescence	  of	  charm	  quarks	  
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J/ψ	  RAA	  in	  Au+Au	  at	  200	  GeV	  

• suppression	  increases	  with	  centrality	  
• high	  pT	  RAA	  systema6cally	  higher	  

•  J/ψ	  at	  high	  pT	  almost	  not	  affected	  by	  
CNM	  effects	  and	  recombina6on	  

• high-‐pT	  J/ψ	  suppressed	  in	  central	  
collisions	  

–  may	  indicate	  QGP	  effects	  

Comparison	  with	  models	  
•  low	  pT:	  good	  descrip6on	  by	  models	  
• high	  pT:	  underpredic6on	  of	  RAA	  by	  
Zhao	  et	  al	  
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Liu	  et	  al:	  direct	  J/ψ	  produc6on	  with	  color	  screening	  and	  recombina6on	  
Zhao	  et	  al:	  similar	  plus	  J/ψ	  forma6on	  6me	  effect	  and	  B-‐meson	  feed-‐down	  

RAA =
1

Ncoll
dN / dy( )A+A

dN / dy( )p+p
nuclear	  modifica6on	  factor:	  



Energy	  Dependence	  of	  J/ψ	  RAA	  
• No	  strong	  energy	  dependence	  of	  J/ψ	  
RAA	  within	  uncertain6es	  
– Similar	  pT	  trend	  in	  suppression	  for	  all	  
energies	  

– large	  uncertainty	  from	  CEM-‐based	  p+p	  
reference	  for	  39	  and	  62.4GeV	  data	  

• Expect	  higher	  energy	  densi6es	  in	  U
+U	  collisions	  at	  similar	  centrali6es	  
Ø  J/ψ	  RAA	  in	  U+U	  at	  193GeV	  
– p+p	  reference	  at	  200GeV	  
– similar	  trend	  in	  pT	  compared	  to	  Au+Au	  

GHP	  2015	  -‐	  Bal6more	  MD	   F.	  Geurts	  (Rice	  University)	   18	  
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Υ	  in	  d+Au	  at	  200GeV	  ::	  CNM	  Effects	  

•  Models	  include:	  
–  gluon	  nPDF	  (an6)shadowing	  
–  ini6al	  parton	  energy	  loss	  

•  Agreement	  with	  models	  
–  for	  p+p,	  and	  backward/forward	  d+Au	  
–  except	  at	  midrapidity	  d+Au	  
	  
for	  |yΥ|<0.5	  
RdAu	  =	  0.48	  ±	  0.14	  (stat)	  ±	  0.07	  (pp-‐stat)	  

	  	  	  	  	  ±	  0.02	  (syst)	  ±	  0.06	  (pp-‐syst)	  

indica6on	  of	  suppression	  at	  mid-‐rapidity	  
beyond	  model	  predic6ons	  
(e.g.	  sensi6ve	  to	  co-‐mover	  absorp6on?)	  

GHP	  2015	  -‐	  Bal6more	  MD	   F.	  Geurts	  (Rice	  University)	   19	  
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Suppression	  of	  Υ	  in	  Au+Au	  
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•  peripheral	  Υ:	  consistent	  
with	  no	  suppression	  

•  central	  Υ:	  significant	  
suppression	  

•  central	  Υ(1S):	  significant	  
suppression	  



Υ	  RAA	  ::	  Au+Au	  vs.	  U+U	  

•  peripheral	  Υ:	  consistent	  
with	  no	  suppression	  

•  central	  Υ:	  significant	  
suppression	  

•  central	  Υ(1S):	  significant	  
suppression	  

Ø new	  U+U	  data	  confirms	  
and	  extends	  Au+Au	  trend	  

GHP	  2015	  -‐	  Bal6more	  MD	   F.	  Geurts	  (Rice	  University)	   21	  



Υ	  RAA	  ::	  data	  vs.	  models	  

Strickland,	  Bazov	  
–  no	  CNM	  
–  model	  A	  disfavored:	  poten6al	  based	  

on	  heavy	  quark	  free	  energy	  
–  model	  B:	  poten6al	  based	  on	  heavy	  

quark	  internal	  energy	  

Liu	  et	  al.	  
–  poten6al	  model,	  no	  CNM	  effects	  
–  only	  excited	  states	  disssociate	  

Rapp	  et	  al.	  
–  CNM	  effects	  included	  
–  strong	  binding	  scenario	  

GHP	  2015	  -‐	  Bal6more	  MD	   F.	  Geurts	  (Rice	  University)	   22	  
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Suppression	  of	  Υ	  states	  in	  Au+Au	  

Central	  collisions:	  
– 	  indica6on	  of	  complete	  Υ(2S+3S)	  suppression	  
– 	  suppression	  of	  Υ(1S)	  similar	  to	  high-‐pT	  	  J/ψ	  

Ø Υ	  suppression	  payern	  supports	  sequen6al	  mel6ng	  
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Summary	  &	  Outlook	  
•  LMR	  dielectron	  excess	  in	  Au+Au@200GeV	  consistent	  with	  in-‐medium	  broadening	  
of	  ρ	  meson	  

–  systema6c	  BES	  measurements	  agree	  with	  this	  picture	  down	  to	  19.7GeV	  
•  LMR	  excess	  yields	  scale	  with	  life6me	  of	  the	  emi�ng	  system	  

–  search	  for	  anomalous	  increases,	  sugges6ve	  of	  a	  cri6cal	  point	  in	  the	  QCD	  phase	  
diagram	  

• Quarkonium	  collec6vity:	  J/ψ	  no	  strong	  v2	  or	  radial	  flow	  
–  thermalized	  charm	  coalescence	  not	  dominant	  in	  produc6on	  

• Quarkonium	  hot	  medium	  effects:	  significant	  suppression	  of	  high-‐pT	  J/ψ	  
–  similar	  to	  Υ(1S)	  suppression	  in	  Au+Au	  
–  Υ(2S+3S)	  suppression	  stronger	  than	  Υ(1S)	  

• Quarkonium	  CNM	  effects:	  Υ	  suppression	  in	  d+Au	  not	  yet	  understood	  
	  
Outlook:	  

•  Two	  important	  STAR	  upgrades:	  Heavy	  Flavor	  Tracker	  and	  Muon	  Detector	  
•  RHIC	  luminosity	  has	  seen	  a	  drama6c	  improvement	  
•  Both	  have	  been	  in	  effect	  since	  2014	  

–  first	  part	  of	  a	  large	  p+p	  (2015)	  and	  Au+Au@200GeV	  data	  set	  (2014+2016)	  
–  later	  this	  month	  p+A	  

•  BES	  phase-‐2	  (2019/2020):	  improve	  LMR	  sta6s6cs,	  increase	  baryon-‐density	  
GHP	  2015	  -‐	  Bal6more	  MD	   F.	  Geurts	  (Rice	  University)	   24	  



BACKUP	  
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RHIC:	  PHENIX	  vs.	  STAR	  

PHENIX	  –	  PRC	  81	  (2010)	  034911	   STAR	  in	  PHENIX	  acceptance	  

26	  

Large	  quan6ta6ve	  differences	  in	  the	  low-‐mass	  ,	  low-‐pT	  region	  remain	  unresolved	  
Ø  STAR	  combined	  Run	  10	  and	  11	  data	  sets	  

Work	  in	  progress:	  PHENIX	  HBD	  analysis	  Run-‐10	  data,	  wai6ng	  on	  top	  centrality	  
WWND’15	  –	  Keystone,	  Colorado	   Frank	  Geurts	  (Rice	  Univ.,	  Houston	  TX)	  



A	  Phenomenological	  Approach	  
Experiment:	  Strong	  evidence	  ρ	  meson	  “melts”	  	  
•  Input	  

–  vector	  SF	  (ρ	  meson)	  from	  phenomenological	  
model,	  verified	  against	  experimental	  data	  

–  T	  dependence	  of	  the	  condensate:	  from	  LQCD	  
•  QCD	  sum	  rules	  

–  constrain	  vector/axial-‐vector	  SFs	  individually	  
•  Weinberg	  sum	  rules	  

–  difference	  between	  vector	  &	  axial-‐vector	  SFs	  
•  Output	  …	  	  

27	  
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Table 1
Numerical values of key parameters figuring into Eq. (12). For hadron masses not
listed we take averages from the particle data group [25].

Parameter fπ f K fη fη′ mq mπ

Value (MeV) 92.4 113 124 107 7 139.6

Fig. 1. Temperature dependence of: (a) the quark condensate relative to its vacuum
value, compared to thermal lQCD data [1]; (b) axial-vector 4-quark condensates rel-
ative to their vacuum values, compared to the quark condensate.
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∑
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σB
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σM

f 2
πm2

π
ϱM

s − αT 10. (12)

The Goldstone boson contribution can be inferred from current al-
gebra (with decay constants given in Table 1). The contributions
from baryons (B) and other mesons (M) can be derived from the
HRG partition function via ∂ ln Z/∂mq , which is nothing but the in-
medium condensate. They are determined by their σ -terms which
to lowest order are given by the (current) quark masses, mq , of the
light valence quarks in the hadron [29]. However, important con-
tributions arise from the hadron’s pion cloud [30,31]. We write

σh = σ bare
q + σ cloud

π ≡ σ0mq(Nq − Ns) (13)

where Nq (Ns) is the number of all (strange) valence quarks in h.
We adjust the proportionality constant to σ0 = 2.81, to recover the
recent value, σN = 59 MeV [32], of the nucleon and assume it to
be universal for all hadrons. This leads to fair agreement with es-
timates of σh for other ground-state baryons [32]. Note that the
decomposition of the σ terms into quark core and pion cloud ef-
fects parallels the medium effects of the ρ spectral function [33].

Our HRG results reproduce lQCD “data” [1] for T ! 140 MeV,
see Fig. 1(a). To improve the agreement at higher T without affect-
ing the low-T behavior, we introduced a term αT 10 on the RHS
of Eq. (12), with α = 1.597 · 107 GeV−10. The quark condensate
then vanishes slightly above T = 170 MeV, signaling the break-
down of our approach. Choosing a somewhat higher power in T
(with accordingly adjusted α) has no significant impact on our re-
sults, while a smaller power adversely affects the agreement with
lQCD data at low T .

3.2. Gluon condensate

For the gluon condensate, the contributions from pions and nu-
cleons have been evaluated in Refs. [34,22,24]. The HRG effect can
be inferred from the trace anomaly,

θ
µ
µ = −9

8
αs

π
G2

µν +
∑

q

mqq̄q, (14)

by calculating *⟨θµ
µ ⟩ = ϵ − 3P = ∑

h mhϱ
h
s to obtain

*

〈
αs

π
G2

µν

〉
= −8

9

[
*

〈
θ
µ
µ

〉
− 2mq*⟨q̄q⟩ − ms*⟨s̄s⟩

]
. (15)

The change in light-quark condensate is taken from Eq. (12). For
the strange-quark condensate, we assume its suppression from in-
dividual resonances to scale with the valence strange-quark con-
tent of each hadron h, paralleling the procedure of determining
the σ -term for each hadron. One has

ms*⟨s̄s⟩ =
∑

h

Ns

Nq − Ns

(
2mq*⟨q̄q⟩h

)
, (16)

where *⟨q̄q⟩h is from Eq. (12). The HRG suppression of the gluon
condensate reaches 13% at T = 170 MeV.

3.3. Four-quark condensates

For medium dependence of the vector and axial-vector 4-quark
condensates induced by Goldstone bosons, we adopt the results
from current algebra [22]. For the non-Goldstone bosons and
baryons, arguments based on the large-Nc limit [35,28] suggest a
factorization approximation, i.e., the medium effect linear in their
(scalar) density amounts to a factor of 2 times the reduction in
the quark condensate, with the same factorization parameter as in
vacuum (we have checked that an increase of the in-medium fac-
torization parameter by a factor of 2 has a negligible impact on
the OPEs and thus on the resulting spectral functions). The T de-
pendence of the vector and axial-vector 4-quark condensates then
takes the form

⟨OV ,A
4 ⟩T

⟨OV ,A
4 ⟩0

= 1 − (12/7,12/11)

mπ f 2
π

ϱπ
s − (9/14,9/22)

mK f 2
K

ϱK
s

−
∑

B

2σB

f 2
πm2

π
ϱB

s −
∑

M

2σM

f 2
πm2

π
ϱM

s + βV ,A T 10. (17)

As for the quark condensate, we augmented the T dependence
by a term βV ,A T 10. Since thermal lQCD data are not available for
4-quark condensates, we adjusted βV ,A for each channel to render
them vanishing at the same temperature as the quark condensate,
resulting in βV = 3.05 · 107 GeV−10 and βA = 1.74 · 107 GeV−10.
The T dependence of the chiral breaking 4-quark condensate fol-
lows from the axial-vector ones via Eq. (9); relative to the quark
condensate, their initial fall-off is faster but slows down above
T ≃ 140 MeV, cf. Fig. 1(b).

3.4. Non-scalar condensates

Hadrons in the heat bath also induce non-scalar condensates.
For our QCDSR analysis the relevant ones are of dimension-4
twist-2 ⟨Od=4,τ=2⟩T , dimension-6 twist-2 ⟨Od=6,τ=2⟩T , and
dimension-6 twist-4 ⟨Od=6,τ=4⟩T . We adopt their T dependence
as elaborated in Refs. [22–24], given by each hadron as
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Fig. 3. Finite-temperature vector (black curve) and axial-vector (red curve) spectral functions. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Regions of axial-vector spectral functions at T = 150 MeV when requiring
agreement with the QCDSR only at dA = 1% (dashed lines), and additionally with
WSR-1 at |dWSR1| ! 1% (dotted lines). The solid line corresponds to a minimal f
value from Eq. (27).

merges into the ρ while the excited states degenerate somewhat
earlier through chiral mixing. The ρ–a1 merging is largely dictated
by the WSRs, but the concrete shape close to chiral restoration is
more sensitive to the QCDSRs. Note that our analysis not only com-
plies with a “trivial” degeneracy at the restoration point, but rather
provides a systematic temperature evolution, starting from the vac-
uum, compatible with current best estimates for the T dependent
chiral order parameters and condensates (at T = 170 MeV, our
condensates are close to zero, undershooting the lQCD data for
the 2-quark condensate; our axial-vector spectral function at this
temperature is thus more of an illustration of the expected de-
generacy at higher T where ⟨q̄q⟩T ≃ 0). The in-medium a1 mass
shift is consistent with a leading T 4 behavior, in line with model-
independent constraints from the chiral Lagrangian. Our analysis
also suggests that the approach toward restoration “burns off” the
chiral mass splitting between the ρ and a1, while “bare” masses of
m0 ≃ 0.8 GeV essentially persist, similar to Ref. [7].

6. Conclusion

The objective of this work was to test whether in-medium vec-
tor spectral functions which describe dilepton data in heavy-ion
collisions are compatible with chiral symmetry restoration. To-

ward this end, we deployed QCD and Weinberg sum rules in a
combined analysis of vector and axial-vector spectral functions,
using lattice-QCD and the hadron resonance gas to estimate the
in-medium condensates and chiral order parameters, and chiral
mixing to treat the T dependence of excited states. We first found
that the QCDSR in the vector channel is satisfied with a small (or-
der 5%) amendment of vector dominance. We then introduced a
4-parameter ansatz for the in-medium a1 spectral function and
found that a smooth reduction of its mass (approaching the ρ
mass) and large increase in width (accompanied by a low-mass
shoulder) can satisfy the axial-vector QCDSR and 3 WSRs over the
entire temperature range from T = 0–170 MeV, ultimately merg-
ing with the vector channel. This establishes a direct connection
between dileptons and chiral restoration, and thus the answer to
the originally raised question is positive. Our findings remain to be
scrutinized by microscopic calculations of the a1 spectral function.
Work in this direction is ongoing.
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But,	  s6ll	  need	  microscopic	  
calcula6ons	  of	  a1(1260).	  
(Massive	  Yang-‐Mills)	  

	  
Work	  in	  progress	  …	  
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1
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Direct	  photon	  measurements	  
Two	  methods:	  

–  real	  photons:	  measure	  inclusive	  spectrum	  and	  
subtract	  sources	  such	  as	  from	  hadron	  decays	  
•  e.g	  WA98	  
•  establish	  mostly	  upper	  limits	  

–  virtual	  photons:	  measure	  dileptons	  and	  use	  
rela6on	  between	  virtual	  photon	  and	  direct	  
photon	  
•  PHENIX,	  based	  on	  a	  method	  proposed	  by	  UA1	  

	  
Virtual	  photons:	  

–  any	  process	  that	  radiates	  	  γ	  will	  also	  radiate	  	  γ*	  
–  for	  M	  <<	  pT	  such	  a	  γ*	  is	  “almost	  real”	  
–  extrapolate	  γ*➝e+e-‐	  to	  M=0	  will	  give	  the	  

direct-‐γ	  yields	  
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TABLE I. Various sources of systematical error in the WA98 158A GeV 208Pb 1 208Pb direct photon analysis specified as a per-
centage of !g"p0#meas (items a), !g"p0#bkgd (items b), or !p0#meas"!p0#bkgd (item c). The systematical errors are quoted at two pT
values to give an indication of the dependence on transverse momentum. See Ref. [21] for full details.

Source of Error Peripheral Collisions (20% smb) Central Collisions (10% smb)
pT $ 1.0 GeV"c pT $ 2.5 GeV"c pT $ 1.0 GeV"c pT $ 2.5 GeV"c

(a) g yield measurement 2.7 3.2 2.6 3.1
(a) p0 yield measurement 3.1 3.0 6.5 4.2
(a) Nontarget background 1.5 ,0.1 ,0.1 ,0.1

(a) Energy scale calibration 0.9 1.7 0.8 1.7
(b) Detector acceptance 0.5 0.5 0.5 0.5

(b) h"p ratio, mT scaling 2.9 3.2 13.4 (24.8) 13.7 (25.2)
(b) Other radiative decays 1.0 1.0 1.0 1.0

(c) p0 fit 1.6 6.8 2.9 0.4

Total: (quadratic sum) 5.7 8.9 18.3 (29.1) 16.7 (27.6)

and by the mass number of the target to obtain the in-
variant direct photon yield per nucleon-nucleon collision.
They have then been multiplied by the calculated aver-
age number of nucleon-nucleon collisions (660) for the
central Pb 1 Pb event selection for comparison with the
present measurements. This scaling is estimated to have
an uncertainty of less than 10%. The proton-induced re-
sults have also been scaled from

p
s ! 19.4 GeV to the

lower
p

s ! 17.3 GeV of the present measurement un-
der the assumption that Ed3sg"dp3 ! f!xT #"s2, where
xT ! 2pT "

p
s [26]. The

p
s scaling effectively reduces
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FIG. 3. The invariant direct photon multiplicity for central
158A GeV 208Pb 1 208Pb collisions. The error bars indicate the
combined statistical and systematical errors. Data points with
downward arrows indicate unbounded 90% C.L. upper limits.
Results of several direct photon measurements for proton-
induced reactions have been scaled to central 208Pb 1 208Pb
collisions for comparison.

the 19.4 GeV proton-induced results by about a factor of 2.
This comparison indicates that the observed direct photon
production in central 208Pb 1 208Pb collisions has a shape
similar to that expected for proton-induced reactions at the
same

p
s but a yield which is enhanced.

In summary, the first observation of direct photons in
ultrarelativistic heavy-ion collisions has been presented.
While peripheral Pb 1 Pb collisions exhibit no significant
photon excess, the 10% most central reactions show a clear
excess of direct photons in the range of pT greater than
about 1.5 GeV"c. The invariant direct photon multiplicity
as a function of transverse momentum was presented for
central 208Pb 1 208Pb collisions and compared to proton-
induced results at similar incident energy. The compari-
son suggests excess direct photon production in central
208Pb 1 208Pb collisions beyond that expected from
proton-induced reactions. The result suggests modifica-
tion of the prompt photon production in nucleus-nucleus
collisions, or additional contributions from preequilibrium
or thermal photon emission. The result should provide a
stringent test for different reaction scenarios, including
those with quark-gluon-plasma formation, and may
provide information on the initial temperature attained in
these collisions.
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Direct	  Virtual	  Photon	  Invariant	  Yield	  

•  Large	  uncertainty	  for	  pT	  <	  2	  GeV/c	  due	  to	  lack	  of	  η	  measurements	  
•  Comparison	  with	  PHENIX	  

–  high	  pT	  –	  consistent	  with	  TAA-‐scaled	  fit	  to	  p+p	  data	  
–  for	  1-‐5	  GeV/c	  observe	  excess	  when	  compared	  to	  this	  p+p	  reference	  

•  Theory	  calcula6ons	  consistent	  within	  uncertainty	  
–  includes	  contribu6ons	  from	  QGP,	  ρ,	  meson	  gas,	  and	  primordial	  produc6on	  	  
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Recent	  Measurements	  from	  STAR	  
•  Using	  similar	  method	  as	  PHENIX	  
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2. Experiment and Data Analysis

The data used in this analysis are from Au+Au colli-
sions at

p
sNN = 200 GeV collected in year 2010 (Run10)

and 2011 (Run11). There are 258 million and 488 million
minimum bias (0-80%) events from Run10 and Run11, re-
spectively, passing bad run rejections and vertex selection-
s. The collision vertex is required to be within 30 cm of
the mean of the distribution, nominally at the center of the
TPC and along the beam line. The main subsystems used
for electron identification are the Time Projection Cham-
ber (TPC) [17] and the TOF [11] for the minimum-bias
events. With the requirements on the particle energy loss
(dE/dx) measured by the TPC [18, 19] and time-of-flight
measured by the TOF [20], electron samples can be select-
ed with high purity [21]. The electron purity is about 95%
in Au+Au minimum bias collisions on average and has
a pT dependence [16]. With pure electron identification,
the dielectron invariant mass spectra are obtained sepa-
rately with Run10 and Run11 datasets after background
subtraction and e�ciency correction. The final results are
then combined point-to-point according to their relative
statistical uncertainties. The systematic uncertainties of
dielectron continuum in Run10 and Run11 are compara-
ble. Therefore the final systematic uncertainties from the
combined data sets are the average of those from two indi-
vidual data sets. The analysis details for dielectron mea-
surements from minimum-bias events are presented in the
papers [15].

To improve the statistics at high pT , we use the Bar-
rel Electro-Magnetic Calorimeter (BEMC) [22] triggered
events taken in Run11. The 39 million triggered events
with a transverse energy deposition in the BEMC greater
than 4.3 GeV used in this analysis are equivalent to 5389
million minimum bias triggered events. The BEMC trig-
ger significantly enhances the capability of STAR for high
pT dielectron measurement. For BEMC triggered elec-
trons, the electron identification is the combination of the
usages on TPC and BEMC [23]. Additional requirements
on the ratio of momentum measured by the TPC to the
energy deposited in the BEMC are utilized. The elec-
tron purity can reach about 80% for BEMC triggered elec-
tron sample. The dielectron pairs are formed by one elec-
tron/positron candidate identified by the TPC and BE-
MC and the other positron/electron candidate identified
by the TOF and TPC. The same procedures used in the
minimum-bias data set are applied to obtain the dielec-
tron continuum signals. The systematic uncertainties are
dominated by the e�ciency correction, which is 15% inde-
pendent on pT and Mee. In the mass region Mee < 0.14
GeV/c2, uncertainties on the photon rejection contribute
to 3% additional systematic uncertainties for the dielec-
tron continuum.

The dielectron invariant mass spectrum in this article
are within STAR acceptance (peT > 0.2 GeV/c, |⌘e| <

1, |yee| < 1) and corrected for e�ciency, in which p

e
T is

the electron pT , ⌘e is the electron pseudo-rapidity, and y
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Figure 1: Dielectron invariant mass spectra in the low mass range in
0-80% Au+Au collisions at

p
sNN = 200 GeV. The spectra in various

pT ranges are scaled by di↵erent factors for clarification. The error
bars and the shaded bands represent the statistical and systematic
uncertainties, respectively.

is the rapidity of electron-positron pairs. The dielectron
invariant mass spectra in di↵erent pT ranges are shown in
Fig. 1. The results for pT < 5 GeV/c are the combined
results from Run10 and Run11 minimum bias data. The
results for pT > 5 GeV/c are from the BEMC triggered
data.

The relation between real photon and the associated
e

+
e

� pair production can be described as Eq. 1 [24, 25].
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In Eq. 1, M is the mass of the virtual photon or the
e

+
e

� pair, ↵ is the fine structure constant, and S(M) de-
scribes the di↵erence between real photon process and vir-
tual photon process. We assumed that the factor S(M) is
1 in the range Mee < 0.3 GeV/c2, pT > 1 GeV/c. Based
on Eq. 1, the production of direct photons is deduced from
the measurement of dielectron spectrum in the low mass
region [5, 26].

The direct photon yields are extracted by fitting the
dielectron invariant mass spectra in the low mass region
with two components. One component is the contribution
from hadron cocktail and the other one comes from di-
rect photon internal conversion. In the two-component fit
function (1�r)fcocktail+rfdir, r is the ratio of direct pho-
ton to inclusive photon, fcocktail is the normalized cock-
tail, and fdir is the normalized internal conversion from
direct photon passing STAR acceptance. The normaliza-

2
pT<5	  GeV/c	  –	  Run10+11	  (MinBias)	  
5<pT<10GeV/c	  –	  Run11	  (EMC	  trig)	  

S = dNγ* / dNγ ≈1   for  pT >>M   and  M >>me

with M < 0.3 GeV/c2  and pT >1 GeV/c
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•  apply	  2-‐component	  fit	  
(1− r) fcocktail (Mee )+ rfdirect (Mee )
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J/ψ	  Spectra	  in	  p+p	  at	  200GeV	  

•  pT	  range	  in	  p+p	  
extended	  to	  14GeV/c	  
– Good	  agreement	  with	  
PHENIX	  

•  Model	  Comparison	  
– prompt	  NLO	  CS+CO	  
describes	  data	  
pT>4GeV/c	  

– direct	  NNLO*CS	  
misses	  high-‐pT	  
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U+U:	  higher	  energy	  densi6es	  
RHIC	  Run-‐12:	  √sNN=193	  GeV	  U+U	  data	  

•  Reach	  higher	  Npart	  than	  in	  Au+Au	  

•  Provide	  higher	  energy	  density	  at	  same	  
centrali6es	  

STAR	  preliminary	  
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